diseases (11, 12) , nephropathy (13) , and macular degeneration (14) . In this study, we proposed that elevated ER stress in adipose tissue contributes to the chronic inflammatory state found in aging.
Adipose tissue is composed of a diverse cell population. Aside from the adipocytes that contribute to fat storage, there are nonadipocytes that are derived after collagenase digestion ex vivo, and known as the stromal vascular fraction (SVF). The majority of cells in the SVF consist of leukocytes and adipose tissue stromal cells (ATSCs), which primarily include preadipocytes and fibroblasts. Adipose tissue macrophages (ATMs) are the major leukocyte population found in adipose tissue and are believed to play a key role in promoting inflammation in obesity and metabolic dysfunction (15) . On the other hand, a comparison via ex vivo analysis between ATMs (CD11b + ), ATSCs (CD11b − SVFs), and adipocytes from young and old mice revealed that ATSCs were the predominant source of inflammatory cytokines (eg, IL-6, MCP1). Furthermore, the levels of proinflammatory cytokines were significantly higher in old compared to young mice (4) . An age-associated increase in TNF-α production by preadipocytes has also been reported (16) . Interestingly, peritoneal macrophages from young mice produced significantly higher levels of IL-6 and TNFα when they were cultured in the presence of ATSC-conditioned media from old mice as compared to ATSCconditioned media from young mice (4) . These studies strongly suggest that ATSCs, a component of visceral adipose tissue (which also contains preadipocytes), are the main contributor in age-associated adipose tissue inflammation. Moreover, increased TNFα levels in old adipose tissue has been reported to impede adipogenesis and has been correlated with an increase in CHOP expression CCAAT enhancer-binding protein homologous protein), a downstream target of the ER stress response pathway (16) .
The ER is primarily recognized as the site of synthesis and folding of secreted, membrane-bound, and certain organelle-targeted proteins. Factors that perturb ER function and contribute to the development of ER stress include: increases in protein synthesis or protein misfolding rates that exceed the capacity of protein chaperones (client load), alteration of calcium stores of the ER lumen, oxidative stress, and disturbances to the redox balance (17) . Cells respond to ER stress through three upstream signaling proteins-PKR-like ER kinase (PERK), Inositol-requiring enzyme 1 (IRE1α), and activating transcription factor 6 (ATF6). The activity of these three pathways collectively leads to an ER-specific UPR. When activated, the UPR begins a cascade of corrective actions (18) : (a) suppression of protein translation to prevent the generation of more unfolded proteins (19) , (b) induction of genes encoding ER molecular chaperones to facilitate protein folding (20) , and (c) activation of ER-associated degradation to reduce unfolded protein accumulation in the ER (21, 22) or modulate autophagy activity (23) . Although ER stress is critical for cell survival, chronic or unresolved ER stress can also lead to apoptosis (24, 25) .
The present study was undertaken to test our hypothesis that ER stress contributes to age-associated adipose tissue inflammation. Using real-time polymerase chain reaction (PCR) analysis, we examined mRNA expression of ER stress response genes on the adipose tissue derived from old (18-20 months) and young (4-6 months) mice. We analyzed relative protein expression of ER stress markers BIP (GRP78), CHOP, cleaved-ATF-6, phospho-IRE1α and XBP-1 in young and old ATSCs and mRNA expression of Bip and Chop in ATMs at rest and in the presence of an ER stress inducer, thapsigargin-a Ca 2+ -ATPase inhibitor. Finally, in order to rescue ER stress response in old adipose tissue, we examined the role of chemical chaperone, 4-phenyle-butyric acid (4-PBA) in both young and old mice in vivo and in ATSCs and ATMs ex vivo.
Methods

Mice
Young (4-6 months) and old (18-22 months) male C57BL/6 mice were obtained from the National Institute on Aging through Harlan Sprague Dawley (Indianapolis, IN). Mice were maintained in a pathogen-free environment provided by the Unit for Laboratory Animal Medicine at the University of Michigan (Ann Arbor, MI) until they were used. All the experimental research in the current study has been approved by the University of Michigan University Committee on Use and Care of Animals.
Reagents
Thapsigargin (Tg), 4-PBA, and collagenase were obtained from Sigma-Aldrich (St. Louis, MO). All the chemicals were dissolved in the appropriate media solution or dimethyl sulfoxide and then used at indicated concentration.
Isolation of Adipose Tissue
Careful inspection was done to exclude aged animals with cancer or lymphoma. Gonadal/epididymal fat pads from mice were excised under sterile condition. Five hundred microliters of radioimmunoprecipitation assay buffer (supplemented with protease inhibitors and phosphatase inhibitor) was added to adipose tissue (~300 mg) and sonicated to obtain the cell lysates for Western blotting. Total RNA was isolated from 100 mg of adipose tissue using a Qiagen lipid isolation kit.
Epididymal adipose tissue was fractionated into adipocyte and SVF portions, as previously described (26) . Briefly, adipose tissue (7-10 mice for young, and 3-5 for old) were weighed and minced into smaller pieces. ATSCs (CD11b − ) were purified from SVFs after collagenase digestion followed by CD11b + magnetic beads using the MACS micro beads technology (Miltenyi Biotec, Bergisch-Gladbach, Germany), according to the manufacturer's instructions (4).
RNA Extraction and Real-Time Reverse Transcription-PCR
Total adipose tissue or ATMs, were placed directly in RNA lysate buffer, and RNA was extracted using the RNeasy kit (Qiagen). The adipocytes were added to the QIAzol lysis reagent (Qiagen), and RNA was purified using RNeasy Lipid Tissue Midi Kit (Qiagen). Real-time PCR experiments were performed using QuantiTect SYBR green RT-PCR kit (Qiagen) using RNA samples with Corbett Rotor Gene 6000 Series (Qiagen ) were resuspended in complete DMEM media replated at a density of 0.5 × 10 6 in a 12 well dish overnight and harvested for total RNA extraction after 4 hours of Tg treatment. For rescue experiments, both ATSCs and ATMs were pretreated with 4-phenylbutyric acid (4-PBA, 1 mM) for 12 hours. To test the in vivo effect, 4-PBA (500 mg/Kg body weight/ day) was fed to the mice daily for 10 days with oral gavage (9) .
Cytokine Bead Assay
Supernatants of cell culture media were assayed for IL-6, IL-10, IL12-p70, MCP-1, and TNF-α, and IFN-γ cytokine levels using the mouse inflammatory Cytometric Bead Array kit (BD Biosciences), following the manufacturer's instructions. This assay kit provides a mixture of six micro beads with distinct fluorescence intensity that is precoated with capturing antibodies specific for the inflammatory cytokines. When the beads were incubated with the corresponding PE-conjugated detection antibodies and the test sample, sandwich complexes are formed. Fluorescence produced by the beads was measured using a FACS Caliber flow cytometer.
Enzyme-Linked Immunosorbent Assay
TNF-α was performed on the culture supernatants from treated ATMs using Quantikine ELISA kit (R&D Systems, Inc., Minneapolis, MN), according to the manufacturer's protocol.
Western Blotting
Protein levels were analyzed by Western blotting. A total of 25-50 µg total proteins lysates were separated on Mini PROTEAN Precast Gels with appropriate amounts of 2 × Laemmli sample buffer (with 2.5% β-mercaptoethanol) to a final 30 µL volume. The proteins were transferred onto a polyvinylidene flouride membrane and blocked with superblock solution and probed with anti-Grp78 (1:1000, ENZO Life Sciences), anti-CHOP (1:500, Santa Cruz Biotechnology), Anti-ATF6 (1:1000, abcam), anti-IRE1α (1:1000, Novus Biologicals), antiXBP1s (1:1000, Santa Cruz Biotechnology), anti-GADD34 (1:1000, Santa Cruz Biotechnology) and anti-α tubulin (1:5000, abcam) for overnight at 4°C. Anti-rabbit or anti-mouse horseradish peroxidaseconjugated secondary antibodies (Santa Cruz Biotechnology) was used at a dilution of 1:5000 for 1 hour at room temperature. The binding of specific antibodies was visualized via exposure to a photographic film after treating with enhanced chemiluminescence system reagents (Fisher Scientific). The film was scanned and quantified using the quantification software (ImageJ, NIH). For the quantification of specific bands, the same size square was drawn around each band to measure the intensity, and then the value was adjusted by the intensity of the background near the band. The results were expressed as a relative ratio of the target protein to reference protein.
Statistical Analysis
Results are expressed as mean ± SD. The significance of difference between means with single variable was analyzed by Student's t test and two-way analysis of variance was performed with data involving more than two variables to find out the interaction between them. p < .05 was considered to be statistically significant. All the statistical analyses were performed with GraphPad Prism software.
Results
Elevated ER Stress Response Correlates With Proinflammatory Cytokines Profile in Aging Adipose Tissue
To examine whether aging is accompanied by a higher level of ER stress in adipose tissue, we compared the expression of Bip, Chop, and Atf4 mRNA derived from epididymal fat pads of young (4-6 months) and old (20 months) mice. We observed a significant increase in mRNA expression of Bip and Chop in adipose tissue samples from the old mice. However, no change in Atf4 mRNA between young and old adipose tissue was observed. We also determined the mRNA expression levels of other downstream ER stress markers, including protein disulphide-isomerase3a (Pdia3a), ER degradation manosidase 1 (Edem1) and ER Dnaj 4 (Erdj4) in the adipose tissue from young and old mice. The expression level of all these ER stress markers were significantly unregulated in the old mice compared to the young mice ( Figure 1A) .
To validate the reverse transcription-PCR results, we performed Western blot analysis of BIP, CHOP, ATF-6, and p-IRE1α on adipose tissue lysates from young and old mice. Densitometry analysis and normalization of protein bands with α-tubulin band reveal that there was a significant increase in both the expression of CHOP and cleaved-ATF6. We observed a smaller, but significant, increase in BIP and p-IRE1α expression in the old mice (Figure1B and C). We also performed Western blot analysis of p-PERK, p-eIF2a, and ATF4 but were unable to detect the bands for neither p-PERK nor p-eIF2a (data not shown). Additionally, we observed no notable difference in ATF4 levels in the adipose tissue lysates derived from young and old mice (data not shown).
To examine the cause-and-effect of age-associated ER stress and inflammation in visceral adipose tissue, we determined the mRNA expression of selected inflammatory cytokines (Il-6, Tnf-α, and Mcp-1) in the adipose tissue from young and old mice by reverse transcription-PCR. In agreement with published reports (3,4), mRNA expression levels of all three inflammatory cytokines were elevated in old mice (Supplementary Figure 1A) . These observations provided a potential link between ER stress and the presence of elevated inflammatory mediators in aged-adipose tissue.
Both Basal and Thapsigargin-induced ER Stress Responses Are Elevated in Aged ATSC
Although aging is associated with an increase in the number of proinflammatory ATMs, we have shown that ATSCs, rather than ATMs, are the main source of inflammation in adipose tissue in aging (4). We therefore tested the contribution of ER stress responses from the ATSCs in the context of age-associated adipose tissue inflammation. Our results indicated that the basal levels of BIP CHOP, p-IRE1α, GADD34, and cleaved-ATF6 are elevated in old ATSCs in comparison to the young (Figure 2A and 2B) . We also observed that, compared to young ATSCs, old ATSCs were more sensitive to the ER stress inducer Tg, as BIP, CHOP, Gadd34, p-IRE1α, XBP1 and cleaved-ATF-6 levels were significantly higher at 4 hour posttreatment (Figure 2A-C) . The levels of CHOP and GADD34 remained significantly higher in old-ATSCs even after 16 hours treatment with Tg (Figure 2A-C) .
Treatment of ER Stress Inhibitor Suppresses Proinflammatory Cytokine Production by ATSCs From Both Young and Old Mice
We next tested if elevated ER stress in ATSCs from old mice could contribute to chronic inflammation in aging. To examine whether chemical chaperones can suppress ER stress in aging ATSCs, we incubated the cells with 4-PBA overnight. Treatment with 4-PBA significantly reduced the level of ER stress markers CHOP and cleaved-ATF6 in both young and old ATSCs ( Figure 3A and 3B) , indicating that ER stress can be inhibited by 4-PBA. We treated both young and old ATSCs with 4-PBA as indicated earlier and measured the amount of proinflammatory cytokines (IL-6, IL-10, MCP-1, IFN-α, TNF-α, and IL-12p) in the supernatant using cytometric bead arrays. Our data indicated that both IL-6 and MCP-1 production was significantly higher in aged murine adipose tissue ( Figure 3C ), and treatment of chemical chaperone 4-PBA reduced the level of IL-6 and MCP-1 in both young and old ATSCs ( Figure 3C ). This was consistent with our previous study (4) , demonstrating that IL-6 and MCP-1 are the major contributors of ATSC-mediated inflammation. ) and old mice (3 mice) were treated with Tg (330 nM) and the lysates were subjected to Western blot analysis with BIP, CHOP, p-IRE1α, XBP-1, GADD34, and ATF-6 antibodies (B). Elevated expression of these ER stress responses was observed in old ATSC both in resting and Tg-induced condition. (C) The relative density of protein bands for BIP, CHOP, p-IRE-1a, XBP-1, GADD34, and ATF-6 were plotted after normalization with γ-tubulin intensity. Values were presented as mean ± SD and p < .05 in Student's t test was considered significant. # p value indicates the significance level of two-way analysis of variance for the interaction between treatment (Tg) and age factor (y vs o).
ER Stress Markers Are Also Elevated in Aging ATMs
Since ATMs are the one of the major contributors of adipose tissue inflammation, we tested the expression of ER stress markers Bip and Chop in CD11b + cells derived from young and old mice under resting or with ER stress inducer (Tg). Our data indicate significant difference in Chop but not Bip expression between young and old ATMs under basal condition ( Figure 4A ). When induced with Tg, significant increase of Bip and Chop expression was observed in old ATMs and significant elevation of Chop but not Bip was observed even in young ATMs. Notably, significantly higher expression of both Bip and Chop was observed in old ATMs compared to the young ATMs ( Figure 4A ). This data indicated that old ATMs are relatively more sensitive to ER stress compared to young ATMs. IFN-γ , TNF-α, and IL-12p70) in the culture supernatants were analyzed by cytometric bead array. Among six different cytokines only IL-6 and MCP-1 were detectable, and they were plotted after normalization with the protein amount in the cell lysates. Values were presented as mean ± SD and p < .05 in Student's t test was considered significant. # p value indicates the significance level of two-way analysis of variance for the interaction between treatment (4-PBA) and age factor (y vs o).
ER Stress Inhibitor Treatment Alleviates ER Stress and Suppresses TNF-α Production by ATMs From Both Young and Old Mice
We also analyzed the expression of Bip and Chop after treatment with 4-PBA for overnight in ATMs. We observed significantly diminished expression of Bip and Chop in both young and old ATMs ( Figure 4B ). Since ATMs are the main source of TNF-α (4), we analyzed the release in the culture medium with or without PBA treatment in young and old ATMs. Significant decrease of TNF-α release was observed in the PBA treated ATMs from both young and old mice compared to the vehicle treated ATMs ( Figure 4C ). These data suggested that inhibition of ER stress by chemical chaperone reduced the production of TNF-α by ATMs. 
Chemical Chaperone Suppresses the Expression of ER Stress Response Genes and Inflammatory Cytokines in the Adipose Tissue of Old Mice
We analyzed the mRNA expression of ER stress response genes (Bip, Chop, and Pdia3) in adipose tissue from old mice fed with 4-PBA (500 mg/Kg body weight/day in water) or vehicle (water) for 10 days. We found a significant reduction in the levels of Bip, Chop, and Pdia3 in the 4-PBA fed mice in comparison to the vehicle-fed mice ( Figure 5 ). PBA fed mice also showed lower levels of Il-6, Tnf-α and Mcp1 in the adipose tissue. Our data showed that a chemical chaperone that inhibited ER stress response also mitigated inflammatory cytokine production in aging adipose tissue.
Discussion
This study demonstrated that the ER stress response is elevated in aged adipose tissue, which in turn contributed to the increased production of proinflammatory cytokine by the adipose tissue. Our study focused on ATSCs and ATMs, since these cells are shown to be the primary source of proinflammatory cytokines in aging adipose tissue (4). An elevated ER stress response was observed in aged ATSCs. The basal expression of ER stress markers such as CHOP, cleaved ATF-6, GADD34, and p-IRE1α was higher in aged ATSCs in comparison to the younger mice ( Figure 2 ). ATSCs derived from old mice were more sensitive to the ER stress inducer Tg, as this treatment caused an increased in ER stress markers expression (Figure 2) . Treatment with the chemical chaperone 4-PBA alleviated ER stress in adipose tissue, as evidenced by the level of CHOP and ATF-6 ( Figure 3A and 3B) , and at the same time the production of IL-6 and MCP-1 was attenuated in both young and old mice ( Figure 3C ). Elevated expression of Chop in old ATMs under basal condition and Tg treated condition ( Figure 4A ) suggested that hyper-responsive ER stress prevailed in the old ATMs. Elevated Bip expression in old ATMs under Tg treated condition but not basal condition suggested that old ATMs are more sensitive to ER stress compared to young ATMs. Noninduction of Bip mRNA upon Tg treatment might reflect efficient chaperoning capacity of young ATMs ( Figure 4A ). Treatment of old mice with 4-PBA also reduced the expression of ER stress response genes and inflammatory cytokines in ATSCs (Figure 3 ), in ATMs (Figure 4) , and in total adipose tissue ( Figure 5 ).
Our data also revealed that resting levels of GRP78 and CHOP (the most common ER stress response effectors) and the activation of ER stress sensors ATF-6 and p-IRE1α levels were significantly higher in adipose tissue from aged mice. Up-regulation of Edem1, ER Dnaj4, and Pdia3 in aged adipose tissue further confirmed the higher levels of basal ER stress in aged adipose tissue. We then observed an increase of ER stress response proteins in isolated ATSCs ex vivo, suggesting that the intrinsic chaperoning capacity of ER is compromised with aging, in agreement with similar observations in other chronic inflammatory states (13) . Consistent with our hypothesis, the levels of these key ER stress markers were found at even higher levels when ATSCs and ATMs were treated with Tg, which induces ER stress by blocking Ca 2+ -ATPase in the ER membrane. Induced ER stress further aggravated the already compromised chaperoning system in the aged ATSCs and ATMs. Among the three key sensors (PERK, ATF-6, and IRE1α) of the UPR pathway ( Figure 6 ), we were able to detect the activation of both ATF6 and IRE1α. We could not detect p-PERK or its downstream effector p-eIF2a in our system, although the total eIF2a remained unchanged between young and old adipose tissue samples (data not shown). Given that there was no significant difference in ATF4 levels in young and old adipose tissue, involvement of the PERK-eIF2a-ATF4 pathway needs further clarification. Compromised chaperoning system in the ER lumen along with lipolysis and free fatty acids, hypoxia, proteasome dysfunction or autophagy defects might feed into the ER stress in old adipose tissue ( Figure 6 ). Treatment with Tg further challenges the already compromised UPR responses in aging, resulting aggravated ER stress signaling. On the other hand, treatment of chemical chaperone 4-PBA effectively rescued the ER stress response and reduced the production of inflammatory mediators in the aging adipose tissue.
Compromised ER-chaperoning capacity has been reported with a variety of age-associated diseases, including neurodegenerative diseases (11, 12) , macular degeneration (14) , and other inflammatory diseases (27, 28) . Recent studies also support the idea that compromised proteasome function is associated with aging (29) .
Therefore, it is plausible that compromised ER-chaperoning capacity along with reduced proteasome function may both contribute to the increased ER stress in aged adipose tissue. Compromised autophagy activity has also been reported to enhance ER stress and inflammation in the liver of hepatocyte specific atg7 (autophagy associated gene 7) knockout mice (30) . We cannot rule out the possibility of compromised age-associated autophagy activity that may in turn contribute to the elevated ER stress response in aging adipose tissue.
The chemical chaperones have been used to examine disease models involving the UPR. These include obesity (9), neurodegenerative diseases (31, 32) , and sleeping disorders (33) . The chemical chaperone (4-PBA) is a potent ER stress inhibitor and a nonselective chaperone that binds to the exposed hydrophobic regions of misfolded proteins and has been shown to stabilize protein conformation, to improve the folding capacity of ER, and to facilitate the trafficking of mutant proteins (34) . Our data suggested that 4-PBA markedly reduced CHOP and cleaved-ATF-6 levels in both young and old ATSCs and expression of ER stress response genes in ATMs, confirming nonselective chaperoning capacity. Chemical chaperone 4-PBA treatment mitigated proinflammatory cytokine production by both young and old ATSCs and ATMs. Oral feeding of 4-PBA reduced the ER stress gene expression and also diminished production of proinflammatory cytokines gene expression in the old adipose tissue. Therefore, intervening ER stress by chemical chaperone and modulating signaling components of the UPR could be a promising step in the therapeutic intervention of inflammation in aging adipose tissue and age-associated metabolic diseases.
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Supplementary material can be found at: http://biomedgerontology. oxfordjournals.org/ Figure 6 . Endoplasmic reticulum (ER) stress response pathway in aging adipose tissue: Compromised chaperoning system in the ER lumen, lipolysis and free fatty acids, hypoxia, proteasome dysfunction or autophagy defects might lead to ER stress in old adipose tissue. Cells respond to ER stress through three upstream signaling proteins-PKR-like ER kinase (PERK), Inositol-requiring enzyme 1 (IRE1α) and activating transcription factor 6 (ATF6). Upon activation PERK phosphorylates e-IF2α which inhibits protein translation to avoid further ER stress. Activated p-e-IF2a also activates ATF4 via noncanonical fashion, which leads to expression of gene of redox reactions, stress response, autophagy, and Chop. Cleaved ATF-6 activates transcription of uXBP1 which is cleaved by p-IRE1 to XBP1s. XBP1s induces the transcription of Chop, other chaperones and enzymes for protein folding such as disulphide-isomerase3a (Pdia3a), ER degradation manosidase 1 (Edem1) and ER Dnaj 4 (Erdj4). Activated p-IRE1 activated c-Jun N-terminal kinase (JNK) which activates transcription factors NF-κB and AP1 and induces the production of proinflammatory cytokines. Inflammatory cytokines might results in insulin resistance via JNK activation.
